ABSTRACT. Dyneins are high molecular weight ATPasesthat function as microtubule-based molecular motors. The axonemal dyneins, discovered 30 years ago, are responsible for the beating movementof cilia and sperm flagella, which they generate by producing sliding between adjacent microtubules. Cytoplasmic dynein, more recently discovered, is involved in diverse activities, including intracellular transport, nuclear migration, and the orientation of the cell spindle at mitosis.
Myacquaintance with flagella as a topic for research began one afternoon in 1959, when I was using the then recently developed technique of thin section electron microscopyto take a look at nuclear structure in some complex flagellated protozoa that had been introduced to me by Bill Grimstone, who was a postdoctoral fellow at Harvard at the time. Although the chromosomes in these organisms had been reported by light microscopy to be exceptionally highly organized, they did not appear exceptional at the level of the electron microscope. However, while scanning the sections for nuclei, I happened upon a startling field in which many of the flagella and their basal bodies were cut in accurate cross-section ( Fig. 1 ). These strikingly well oriented and preserved organelles showed vastly more structural detail than had been described in the literature at the time. In the flagella, the nine doublet microtubules and two central tubules were as clear as if they had been drawn, with the outer and inner arms arranged one side of each doublet, while the basal bodies revealed for the first time the nine-fold triplets of the basal body and their transition into the flagellar shaft (1) . It seemed to me that such enticing structures had to be worth studying. In addition to its aesthetic appeal, the attraction of this new topic was strengthened by my awareness of the fundamental biological questions involved, for these had been well formulated by John Bradfield (2), who had been mygraduate supervisor at Cambridge before he left science for the world of finance. After about two years spent looking at different aspects of flagellar and ciliary structure by electron microscopy, it became clear that further progress in understanding the role of the 9+2 axonemal structure in ciliary motility would require discovering more about the properties of the proteins involved. For easing my tranMail address: Dr. Ian Gibbons, Kewalo Marine Laboratory, 41 Ahui St., Honolulu HI 96813, USA. ian@hawaii.edu sition, I owe a large debt to my wife Barbara, who was a graduate student doing enzyme kinetics in the laboratory of John Edsall at the time, and who introduced me to the ways of protein chemists. Although reasonable procedures had already been developed for isolating cilia from Tetrahymena and a few other organisms, nothing was known about their constituent proteins, which were reported to be insoluble at neutral pH and difficult to study (3). By combining electron microscopy with protein chemistry, it was possible to show that this apparent insolubility was due to the cell membraneresealing over the broken ends of the detached cilia. This membranecould be selectively removed with digitonin, a non-ionic detergent, leaving the structure of the isolated ciliary axonemes intact (4). Most importantly, essentially all the protein of demembranated axonemes nowproved to be soluble at neutral pH. Twomajor protein fractions could be extracted separately. One, containing most of the axonemal ATPaseactivity, could be solubilized selectively by extraction with a low salt medium, after which the second fraction, containing the structural protein of the microtubules, could be solubilized with higher salt. Centrifugation analysis of the solubilized ATPase fraction showed two distinct peaks of ATPase activity sedimenting at 14S and 30S. The similar enzymatic properties of these two ATPasefractions suggested that they were different forms of the same ATPase enzyme. Since this ciliary ATPase was clearly different from myosin, the only other motile ATPase known at the time, my postdoctoral fellow, Arthur
Rowe, and I proposed that the ciliary enzyme was one of a new class of motility proteins that interacted with microtubules as the energy-transducing motorresponsible for the beating of cilia, as well as being possibly responsible for other forms of cell motility in the cytoplasm (5). Naminga new protein was an infrequent event in those days. There had only been one or two new motility proteins namedin the previous twenty years. After some discussion, Barbara suggested the name dynein, after the dyne as a unit of force. The localization of dynein in the axonemewas easy to determine, for the purified 30S dynein ATPase became rebound to the extracted axonemeswhenit was mixed back with them in the presence of salt (Fig. 2) . The structures that reappeared were the "arm" projections, arranged as a double row along one side of each of the nine outer doublet tubules (6). Perhaps the major interest of this localization of the dynein ATPase was that it supported Bjorn Afzelius's original suggestion that these structures might function similarly to the crossbridges in muscle and cause the doublet microtubules to slide relative to each other (7). Although it was not possible to localize the 14S form of the dynein at the time, much more recent work with Chlamydomonasin other laboratories has shown that it constitutes the inner arms on the doublets, while the 30S dynein forms just the outer arms (8).
The second of our two major protein fractions, the structural protein of the ciliary microtubules, was characterized with Fernando Renaud and Ray Stephens as a dimer of two 55,000 kDa subunits that had a mole of associated guanine nucleotide (9, 10). Concurrently, the same protein was characterized as the colchicinebinding protein in brain by Dick Weisenberg and Gary Borisy in Edwin Taylor's laboratory (ll), while Hideo Mohri analyzed its amino acid composition and proposed the excellent name of tubulin (12). Several years passed before anyone discovered how to repolymerize the tubulin dimer back into microtubules. With this preliminary characterization of the two major proteins of the axonemeaccomplished, it was apparent that further progress would require a different organism with longer flagella. The ability to quantify the parameters of the flagellar beating would make it possible to relate experimental manipulations of the proteins with the resultant changes in motility. This was almost impossible with the Tetrahymena cilia that were only 5 fjtm long. Sea urchin sperm flagella looked more promising as they are about eight times that length. So when the opportunity came up to moveto Hawaii where sea urchins are abundant and sexually mature throughout the year, we were keen to move. Shortly after the move to Hawaii in 1967, we set about developing methods for selectively solubilizing the sperm membrane so that the motility of the exposed flagellar axoneme could be reactivated uniformly by exogenous ATP. When glycerination proved too irregular and the digitonin that had been used for the earlier work on Tetrahymena proved toxic to motility, Ray Stephens, who was then working at WoodsHole, made the great suggestion of trying the non-ionic detergent Triton-X-100. This worked perfectly: the preparations of flagella were completely demembranated, and upon addition of ATPthey became almost 100%motile, with uniform wave forms ( Fig. 3 ) and beat frequencies close to those in live sperm. These properties made the demembranated sperm excellent material for studying the basic properties of microtubule-based cell motility (13). By this time, support was already growing for a sliding filament model of axonemal motility, as a logical outgrowth of the Huxley-Hansonmodel for muscle contraction. The location of the dynein ATPasein the axoneme appeared well suited for it to form swinging crossbridges between adjacent tubules. More direct evidence came from Peter Satir's elegant electron microscope studies of the bent tips of mussle gill cilia (14). Meanwhile Charles Brokaw had demonstrated that isolated Polytoma flagella are autonomously motile organelles that beat slowly when glycerinated and exposed to ATP (15, 16) .
Concurrently with the work on reactivated sperm, my graduate student Keith Summersand I were exploiting the Triton procedure for a different study of the properties of demembranated sperm flagella. While attempting to study an ATP-dependentturbidity response that had been observed previously in Tetrahymena cilia but that did not appear to occur in sea urchin sperm flagella, Summers tried sensitizing the sperm axonemes by limited digestion by trypsin. Unexpectedly, this sensitized the axonemesto such an extent that the turbidity of a suspension decreased by as much as 80% upon addition of ATP,and the axonemeswere no longer visible by regular light microscopy. Since the manner in which the ATP-induced forces caused the weakened axonemal structure to disintegrate seemed likely to clarify the basic mechanism of normal motility, it was important to observed the details of how it occurred. At this time, soon after the development of the "more powerful" electron microscopy, use of light microscopy under dark field conditions to observe objects much smaller than the wavelength of light had fallen into disuse, although Andreas Pijper had earlier used it with the sun as a powerful light source to record individual bacterial flagella on film. In our own lab at the time, we did have dark field condensers that we were using to observe the beating of whole sperm flagella, but our most powerful light source was the low voltage tungsten lamp built into the microscope base. Nevertheless, with a well dark-adapted eye, we were able to see for the first time the actual sliding apart of the trypsin-sensitized axonemeinto its componentmicrotubules in response to a front ofATP flowed in from the side. By using 5 second time exposures, it was even possible to take a series of dark field micrographs showing the gradual elongation of the microtubule bundle as the axonemeslid apart when the ATP reached it (Fig. 4) . Later, with more powerful light sources, it was possible to take films showing that the final length of the microtubule bundle after sliding was completed could be close to nine times the initial length, indicating that sliding could occur between most or all of the 9 outer microtubules (17). Measure- ment of the velocity of sliding as a function of ATPconcentration showedthat it was close to that calculated for flagellar bending waves on the basis that the microtubules are of constant length (18). These direct observations of microtubule sliding established it beyond question as the basic mechanism of flagellar motility.
This demonstration of the power of dark field illumination for studying the motility of submicroscopic structures marked the beginning of the light microscopy renaissance that soon extended its application to the motility of bacterial flagella and the filaments of the muscle forms, but at one-half of their normal beat frequency (Fig. 5) (23) . This result showing that the speed of sliding was proportional to the numberof dynein arms present on the tubules strongly supported the notion that the dynein arms generate the shearing force that leads to sliding between tubules. This interpretation was further strengthened by the finding that readdition of soluble dynein to the salt-extracted axonemeswas able, not only to restore the outer arm structures, but also to increase the beat frequency back nearly to its normal level ( olutions relative to the sperm head (26). The first time that we performed this experiment, everyone in the roombecamemoreand moresurprised as the plane of flagellar beat rotated through greater and greater angles, and then let out a yell of astonishment when the forcing vibration was terminated and the plane of beat spontaneously unwound back to its original orientation. By examining a bead attached on one side of a demembranated axoneme, it could be seen that the bead remained on the same side after the beat plane has been forced to rotate (Fig. 7) . This proved that the forced rotation of the beat plane was due to a rotation in the pattern of sliding amongdoublets and not to a twisting of the axonemalstructure as a whole. The probable interpretation is that the pattern of tubule sliding is normally regulated by the two central tubules through the radial links that join them to the outer doublets, with the central tubules becoming forced to rotate inside the cage of nine doublets during the experiment, but then unwinding elastically when the forcing vibration is terminated.
Toward the end of the 1970's, improving techniques for electrophoresis made it very clear that the earlier picture of the axonemebeing essentially a two-protein system of dynein and tubulin, with a few regulatory and structural proteins tacked on, was a substantial oversimplification. On high resolution gels, the electrophoretic band of dynein heavy chains alone was separable into at least six distinct sub-bands, while two-dimensional gels demonstrated the presence of as manyas two hundred distinct polypeptides in the complete axoneme (27, 28 Although such a genetic approach is not feasible with sea urchins, it has been possible to use selective extraction of the sperm flagellar axonemes to isolate the /S heavy chain as a single species that retains functional capability (30, 31). This /3 heavy chain has been the center of our subsequent work on the molecular properties of the dynein motor. Both the mapping of functional sites Before rotation 90 degrees 180 degrees were helped considerably by the serendipitous discovery that the dynein heavy chain can be photosensitized by the inorganic anion, vanadate. Vanadate is a phosphate-analog that is a potent inhibitor of dynein ATPase and of flagellar motility (32, 33) . Irradiation of dynein with near ultraviolet light, in the presence of micromolar vanadate and ATP, cleaves the peptide backbone of the heavy chain quantitatively at a single "VI" site with a parallel loss of the dynein ATPase activity (Figs. 8, 9 ) (34). This photocleavage marks the probable location of the hydrolytic nucleotide-binding site. In addition, the sensitivity and specificity of photocleavage have made it a valuable diagnostic for identifying dynein in cytoplasmic preparations. By using a panel of monoclonal antibodies, developed by Gianni Piperno (35) , together with the sites of photocleavage and of proteolytic sensitivity, it was possible for us to generate a linear map of the functional domains of the /3 chain in sea urchin (36). Work in George Witman's laboratory led to similar maps for certain dynein heavy chains in Chlamydomonas flagella (37). In the mid-1980's, the development of an in vitro assay for motility factors in crude cytoplasmic extracts enabled the discovery and characterization of a second microtubule motor, kinesin, which plays a major role in microtubule-based motility in the cell cytoplasm (38). The same assay enabled Richard Vallee's lab to purify a rat brain protein, that had been knownonly as electrophoretic band MAP1C,and to demonstrate that it had the expected properties of a cytoplasmic dynein (39).
Both cytoplasmic dynein and all the axonemal dyneins that have been studied translocate along microtubules toward their minusends, the opposite direction to that of most kinesins. The discovery of these cytoplasmic motors greatly broadened interest in the whole field of cell motility, especially when the power of molecular biological approaches was demonstrated with kinesin. The large size of the dynein heavy chains made the application of molecular biology more difficult, but we were encouraged by the availability of our linear map for the /3 chain of axonemal dynein. During the progress of sequencing the CDNAencoding the /5 chain, I happened to learn that Kazuo Ogawa, a former postdoctoral fellow of mine, now at the N.I.B.B. in Okazaki, was engaged in sequencing the same dynein heavy chain from a different species of sea urchin. Fortunately, the two projects were on roughly the same schedule and we were able to agree on simultaneous publication. It was the first time that either Ogawa or my lab had performed any gene sequencing, and the 14 kb dynein gene was one of the longest to be sequenced at the time. Both laboratories were most gratified whencomparison of their deduced amino acid sequences, immediately before publication, showed only five significant discrepancies among the 4,466 residues of the /3 chain. Although the amino acid sequence was not easy to interpret, it did confirm that dynein represents a distinct (40, 41). These P-loop motifs are located about 350 residues apart in the middle region of the heavy chain, and are identified as PI, P2, P3, and P4, in order from the amino end (Fig. 10) . The position of the PI loop lies very close to the VI photocleavage site on the heavy chain, so the PI loop is believed to correspond to the principal site of ATP-binding and hydrolysis. The function of the three additional P-loops is less clear, but the fact that direct assay shows a total of 4 moles of ATP bound per mole of heavy chain suggests that they are regulatory nucleotide binding sites (42). Their level of amino acid sequence conservation in different dynein isoforms is consistent with this hypothesis. Only the sequence around the PI loop has the stringent conservation expected for the enzymatic site within a family of related ATPases. The other three P-loops are always present, but their detailed sequences are less tightly conserved (43).
Like the kinesins and myosins, the dyneins form a large multigene family. As many as thirteen dynein heavy chain genes are expressed during development in sea urchin embryos (44). Twelve of these genes become up-regulated during ciliary regeneration, suggesting that they encode polypeptides that are present in the ciliary axonemeor are otherwise involved in the regeneration process (Fig. ll) . The one gene that is not up-regulated in reciliating embryos encodes the heavy chain of cytoplasmic dynein, which is believed to exist as a single gene in all organisms. Most eukaryotic organisms, ranging from protozoa to mammals,appear to have the same set of dynein heavy chain genes as in sea urchin (45, 46) . However, such totally non-flagellated organisms as yeast and Dictyostelium possess only the single gene for cytoplasmic dynein (47) (48) (49) . Whenall the available dynein sequences are used to generate a phylogenetic tree, they fall into three well defined sub families (Fig. 12) (43) . One comprises the cytoplasmic dyneins, which are well ordered by the position of their species in evolution. A second sub family includes all the axonemal dyneins known to be located in the outer arms. The third cluster, by inference, comprises the inner arm dyneins, although these are less well characterized at present. There is one interesting anomaly, the IB isoform, which resembles cytoplasmic dynein in sequence, but becomes up-regulated during reciliation and has been found only in organisms that possess cilia and flagella. The functions of cytoplasmic dynein have nowbeen shown to include organelle transport, migration of spindle poles and the alignment of the spindle during cell division (47-52). Whether the IB isoform represents a second cytoplasmic dynein, such as might be involved in transport of material to the growing ciliary axoneme, remains to be determined. Myown research has focused on flagellar dynein because its ATPase activity, and its location and relative quantity in the axoneme all led me to believe that it plays a central role in energy transduction on microtubules. The possibility of isolating the axonemal dynein in a functionally intact structure makes it accessible to a broad range of experimental approaches. When I look back on 30 years of research, it is amusing to note how manyaspects of dynein could never have been anticipated from myoriginal vantage point: its enormoussize that makes it one of the largest enzymes known; the four nucleotide-binding sites in its structure; its membership in the large and still growing family of microtubule-based motors. I feel most fortunate that my ex- I close with some provocative questions that will be for the future to consider. 1. What is the critical functional role of the multiple nucleotide-binding sites in a dynein heavy chain that accounts for their persistence through evolution? Although various complex functions can be suggested for dynein in the elaborate structure of the axoneme, it is harder to rationalize a strict requirement for multiple nucleotide-binding sites in cytoplasmic dynein, which has a seemingly simpler job yet possesses more stringently conserved P-loop motifs (44). 2. Whyis dynein so big? Its known functions in intracellular transport and microtubule sliding scarcely explain why its conserved motor domain is so much larger than those of kinesin and myosin which fulfill similar roles. One possibility is that a large contact surface on the microtubule might be required for dynein's capability of rotating the microtubule as it translocates along it (54). This rotation could provide a eukaryotic rotational motor and underlie the asymmetrical migration of the centrosomes around the nucleus that leads to development of chiral asymmetry in cellular structures (55-58). 3. Does the relatively primitive homodimericstructure of cytoplasmic dynein indicate that it evolved first and later split off the axonemal dyneins which then became freer to evolve into more specialized and complex 1a -...x# <r?*m km* mm*-mm* mmmmm *\|^4***-. **«> »a# -**^^**å *^P* "y-*1 3a -----3b *>-"*> < .: «***^> 5a «* 5b à"à"--à"à"à"à"«à"à"à"*à" 7a Fig. ll. Northern gels showing changes in abundance of poly(A)+ RNAtranscripts genes for dynein heavy chains, tubulin, and actin, in response to deciliation of sea urchin embryos. Samples of embryos were deciliated 1 x or 2 x as indicated. The time shownis hours after fertilization. The la gene represents cytoplasmic dynein; the other dynein genes, lb, 2, 3a, 3b, 4, 5a, 5b, 5c, 6, 7a, 7b , and 7c, all show increased abundance after deciliation; Tub, tubulin; Act, actin. For quantitation and experimental details see the original publication. (From reference 44). 4. What is the evolutionary relationship of dynein within the hyperfamily of all molecular motors in which kinesin and myosin appear to be distant membersrelatable by similarity in protein folding (59)? The four evenly-spaced sites for binding nucleotide in the mid-region of the heavy chain may indicate that the dynein motor domain evolved through double duplication of an ancestral gene that encoded a hypothetical "protodynein" motor (44) similar in size to the present kinesin motor domain.
